Zinc oxide (ZnO) hexagonal prisms with unique nanostructures are successfully synthesized via a simple hydrothermal method with the assistance of polyethylene glycol (PEG). Further studies demonstrated that dissolved PEG played a critical role in adjusting the exposed proportion of {0001} facets and high-index facets. By increasing the amount of PEG, we successfully reduced the exposed proportion of {0001} facets and increased the exposed proportion of high-index facets. The morphology and the properties of ZnO hexagonal prisms were investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD), Brunauer-Emmett-Teller N 2 gas adsorption-desorption isotherms, and photoluminescence (PL) spectra.
Introduction
There is a growing body of literature that recognises the importance of nanomaterials. Over the past decade, there has been a dramatic increase in the application of photocatalysts.
1
ZnO is one of the most important typical N-type semiconductors with large exciton binding energy (60 meV) and a wide band gap (3.37 eV), which makes it become one of the most popular photocatalysts. [2] [3] [4] One of the greatest challenges is the efficiency of photocatalysis. So how to enhance the photocatalytic activity of ZnO nanomaterials is the basis of our study. {0001} facets that are terminated with Zn atoms are the most active facets among the various surfaces of ZnO nanomaterials. So because of the high surface energy of {0001} facets, the exposure of {0001} facets can enhance the efficiency of photocatalysis.
2,5-9
But it is reported that high-index facets also possess high surface energy, so it has huge potential to enhance the efficiency of photocatalysis. 10 In the following of crystal growth habits, the higher energy lattice plane, such as {0001} facets, would grow faster than lower energy lattice plane.
11 Therefore, the result of crystal growth process is that high energy lattice plane is growing fast and disappearing, but low energy lattice plane with slow growth velocity will exposed nally. [12] [13] [14] [15] Moreover, previous research has established that surfaces with high energy usually have better properties in photocatalytic reaction. 16 So high-index facets would have good performance on photocatalytic applications.
2
ZnO is one of the most popular photocatalysts, which can effectively and directly degrade different waste water pollutants through simple photocatalytic oxidation and reduction reactions. 17, 18 One major theoretical issue that has dominated the eld for many years concerns the photocatalytic activity of asprepared ZnO nanomaterials. 22 But all the ZnO nanostructures mentioned above are exposed with {0001} facets or non-active facets. According to previous researches, high-index facets have high surface energy and easily growth rapidly, so it is also difficult to synthesis ZnO nanoparticles with exposed highindex facets.
2 Up to now, very little attention has been paid to the role of the proportion in regard to photocatalytic activity. Therefore, how to adjust the proportion of {0001} facets and high-index facets has become the key point of our work.
In this paper, we reported a novel ZnO nanostructure that exposed different proportion of {0001} facets and high-index facets. We successfully adjusted the proportion of {0001} facets and high-index facets via changing the amount of PEG in the hydrothermal process. By increasing the amount of PEG, we reduced the percentage of {0001} facets and increased the percentage of high-index facets. The primary aim of this paper is to explore the relationship between the different exposed proportion of facets and photocatalytic activity. The photocatalytic activities of as-synthesized ZnO nanoparticles were investigated by the degradation of methylene blue aqueous under the UV-vis light irradiation. From the view of photocatalytic results, ZnO hexagonal prisms nanoparticles with exposed high percentage of high-index facets showed the greatest photocatalytic activity.
Experimental section

Materials
The starting materials utilized are zinc acetate anhydrous (C 4 
Synthesis of ZnO hexagonal prism
In a typical process, 0.03 mol of C 4 H 6 O 4 Zn and 0.1 g PEG was dissolved in 100 mL solution of pure water, then 1.0 mL of N 2 H 4 $H 2 O was dropwise added into the solution at room temperature. The quality of PEG used in the starting solution is changed from 0.5 g to 1.0 g. The mixture was stirred for 30 min aer ultrasonic process for 10 min, then transferred into roundbottomed ask (100 mL), and heated at 80 C for 12 h. These samples were treated by centrifugation and thoroughly rinsed with water and ethanol several times to remove the organic matter, and then dried at 60 C for 10 h in an oven for subsequent characterization.
Characterization
XRD patterns were obtained by using a Bruker D8 advanced Xray powder diffractometer with CuKa radiation (l ¼ 1.5418Å).
The morphologies of ZnO hexagonal prisms were examined by using SEM (Hitachi S-4800 microscope). The BrunauerEmmett-Teller (BET) specic of the powders was analyzed by using nitrogen adsorption in a nitrogen adsorption apparatus (TriStar II 3020 instrument). All samples were degassed at 100 C prior to the nitrogen-adsorption measurements. Brunauer Emmett Teller (BET) surface area was determined using adsorption data. Photoluminescence (PL) spectra were measured on a spectrouorophotometer (F-4600, no. 5J2-0004, Japan) at room temperature.
Photocatalytic activity
The photocatalytic activities of hexagonal prism ZnO samples were evaluated by degradation of MB aqueous solution under UV-vis light irradiation. 0.1 g of ZnO hexagonal prisms catalysts were added into 100 mL of MB aqueous solution with the initial concentration of 20 mg L
À1
. Prior to irradiation, the suspensions were stirred magnetically in the dark for 2 h to ensure the establishment of an adsorption-desorption equilibrium. At given irradiation time intervals, 5 mL of the suspensions were collected and then the slurry samples including the ZnO photocatalysts and MB aqueous solution were centrifuged to remove the ZnO catalysts. The Shimadzu UV 2600 UV/Vis spectrophotometer was used to measure the concentration changes of MB solution.
Results and discussion
The property and morphology of ZnO samples
The standard diffraction data for ZnO nanostructures are shown for comparison in Fig. 1 . The diffraction peaks were in good agreement with those for ZnO powder obtained from the International Center of Diffraction Data Card (JCPDS no. 36-1451; P6 3 mc). [23] [24] [25] All the diffraction peaks for samples corresponded to those of ZnO with the hexagonal prism structure.
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By comparing the intensity of peak with different samples, it is obviously to see that the intensity of (002) plane become relative lower with increasing the amount of PEG, which indicates the reducing percentage of {0001} facets. And no other impurity peaks were observed, which indicates the high purity of products.
ZnO nanoparticles synthesized without PEG exhibited the morphology of hexagonal prisms, as shown in Fig. 2a . All the hexagonal prisms with the size of 5.5-6.0 mm possess at and smooth surfaces. It is shown in Fig. 2c and d that when the amount of PEG was changed from 0 g to 0.5 g, ZnO hexagonal prisms could also obtained. But it can clearly to see that most of {0001} facets were dented deeply with closer scan of morphology, and arose new high-index facets at the around edge of hexagonal prisms. When with the addition of 1.0 g of PEG, as illustrated in Fig. 2e and f, ZnO nanostructures that exposed {0001} facets and high-index facets were obtained. The most important critical is that the exposed percentage of highindex facets is more than {0001} facets. As a result, we adjusted the proportion of {0001} facets and high-index facets by changing the amount of PEG. It is corresponding with the XRD test results.
The formation mechanism of ZnO hexagonal prisms
According to the knowledge of the crystallography, the wurtzite ZnO is made up of tetrahedral coordinated zinc and oxygen atoms that are stacked alternately along the c axis on structurally. 24 As a consequence, the spontaneous polarization of the {0001} surface and a divergence in a surface energy become the structure feature of ZnO. Moreover, when ZnO crystals exhibit regular hexagonal prism shapes, having {1 101} planes as the side facets and AE{0001} planes as the top and bottom facets.
27-29
The growth rate is determined by surface energy. Some surfaces with high surface energy would grow fast and disappear, but other surfaces with low surface energy would be exposed nally. There is difference in surfaces energy among surfaces of ZnO samples. So the different growth rate of surfaces results in the diverse morphologies of ZnO samples. In our study, ZnO hexagonal prisms were obtained in the rst step. With changing the amount of PEG, the proportion of {0001} facets and highindex facets has changed, as shown in Fig. 3 . ZnO hexagonal prisms obtained in the rst step, but the dissolved PEG absorbed on {0001} facets and high-index facets in different degrees aer the prolonged reaction, which resulting in the different exposed percentage of {0001} facets and high-index facets Therefore, by increasing the amount of PEG, we successfully reduced the percentage of {0001} facets and increased the percentage of high-index facets. It is shown in Fig. 4 that the details about surfaces of ZnO hexagonal prisms. We can clearly to see that the inside bevels are high-index facets and exposed with high percentage in Fig. 4b . So the addition of PEG as variable has become a key factor in the growth of ZnO crystalline. Previous studies have demonstrated that high-index facets are active surfaces because of high surface energy.
2 It has been reported that PEG is a long chain non-ionic surfactant and has hydrophilic -O-and hydrophobic -CH 2 -CH 2 -radicals on the long chains. When PEG has been well dissolved in water, a good deal of oxygen atoms on PEG chains could easily combine with metal ions to form the occulated agglomerates.
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The reaction equations are summarized as follows:
The structure of ZnO could be simply described as a number of alternating planes composed of tetrahedral coordinated O 2À and Zn 2+ ions, stacked along the c-axis. The oppositely charged ions produce positively charged {0001} -Zn and negatively charged {000 1} -O polar surfaces, as a result, {0001} facets will enriched with Zn 2+ . 2 During the reaction, a number of oxygen atoms on the PEG chains could easily react with Zn 2+ ions.
When we added PEG in reaction solution, a large number of oxygen atoms will combine with Zn 2+ that existed on the {0001} facets. As a result, a lot of PEG adsorbed on {0001} facets and restrain the growth of {0001} facets until the number of O
2À
were saturated on the {0001} facets. In addition, because the high density of Zn 2+ and oxygen atoms on the high-index facets, other part of PEG that didn't adsorbed on {0001} facets would adsorbed on the high-index facets instead. In consequence, the present of PEG protect high-index facets to some extent. And ZnO was grown along with c-axis as {0001} facets more easily than high-index facets. That's the reason why PEG adsorbed on {0001} facets rstly rather than high-index facets. As shown in Fig. 4 , it can clearly to see that PEG adsorbed on {0001} facets and high-index facets in different degree. What's more, the increased amount of PEG more easily adsorbed on high-index facets and restrain the growth of high-index facets. Therefore, we have successfully adjusted the proportion of {0001} facets and high-index facets via changing the amount of PEG.
To further investigate the optical performance of ZnO hexagonal prisms, we carried out the PL test to explore the optical properties of ZnO hexagonal prisms. Fig. 5 illustrates the room temperature photouorescence spectra of ZnO hexagonal prisms under a photo excitation of 325 nm. It can clearly to see that the PL spectra of ZnO hexagonal prisms with the addition of PEG was 1.0 g has a strong ultraviolet (UV) peak at 390 nm, and another PL spectrum corresponding to the ZnO hexagonal prisms with addition of PEG was 0.5 g has a relatively weak UV peak at 379 nm.
By comparison, the position of emission peak arose a redshi in UV region when we increased the amount of PEG. And the red-shi was caused by quantum size effect of the samples. The absorption peaks view from the (b) line and (a) line at 410-470 nm, 450-480 nm respectively were caused by defects on the surfaces of ZnO nanomaterials. As we all know that the surface states play a crucial role in the PL characteristics of nanomaterials. Due to the adsorption of PEG on the surfaces of ZnO hexagonal prisms, which introduce a lot of defects onto surfaces. That's the reason why we can get absorption peaks at 410-470 nm on the (b) line and 450-480 nm on the (a) line from the PL spectra. These factors may explain the relatively good correlation between PEG and the proportion of {0001} facets and high-index facets.
The photocatalytic activity of ZnO nanostructures
It is known to us all that ZnO has been used as semiconductor photocatalyst for the photocatalytic degradation of organic pollutants in aqueous solution.
12,30 Richa Khokhra et al. synthesized ZnO nanosheets by simple so chemical method and tested their photocatalytic performance. These nanosheets showed high sunlight photocatalytic activity toward the degradation of MB solution, ower-like nanosheets can degrade MB solution up to 79.76% for 120 min of irradiation.
31 Sadia Ameen and his team successfully prepared ZnO nanomaterials by situ polymerization of aniline monomer and applied as a photocatalyst for the degradation of MB solutions. The results showed that the prepared PANI/0.5 wt% ZnO photocatalyst degraded the MB dye by $76% aer 160 min of irradiation.
32 Zhengcui Wu et al. developed a general strategy to synthesize Pt or Ag decorated ZnO nanorods arrays through simple chemical solution routes. These hetero-nanostructure arrays show improved photocatalytic activities in the decomposition of RhB dye. 33 And photocatalysis is determined by the excitation of electrons from the valence band to the conduction band of semiconductor materials. When the light of certain wavelength equal or larger than band gap of semiconductor falls on the photocatalyst, which cause the excitation of electrons from valence band to the conduction band and leaving behind the same number of holes (h + ) on the valence band. 31 Aer the excitation process, electrons and holes transfer from the bulk phase to surface area. A large number of holes with strong oxidizability can oxidate organic pollutants into inorganic substance. This is the reason why ZnO nanomaterials could apply to the treatment of pollutants and protect environment.
The photocatalytic activity of as-prepared ZnO samples, investigated by the photodegradation of MB aqueous solution under the irradiation of UV-vis light, as shown in Fig. 6a . The curves are the concentration of MB aqueous changed under UV-vis light irradiation. The concentration of MB aqueous decreased obviously when ZnO photocatalysts were added to the MB solution, which proved the as-prepared ZnO samples exhibited excellent photocatalytic activity. Fig. 6b shows pseudo-rst-rate order kinetics, ln(C 0 /C) ¼ kt, for the photocatalytic degradation kinetic reaction. From the formula of pseudo-rst-rate, k is a pseudo-rst-rate kinetic constant and t is the irradiation time. The calculated degradation rate value for ZnO with the addition of 1.0 g, 0.5 g and 0.0 g PEG were 0.093 min
À1
, 0.041 min À1 and 0.029 min À1 , respectively. These results revealed that the ZnO hexagonal prisms that with the addition of 1.0 g PEG exhibited excellent photocatalytic activity. Thus, compared with the three lines that contained different ZnO catalysts in the text, it is not difficult to nd that the photocatalytic activities of ZnO samples were becoming better with the increasing amount of PEG. The existence of PEG enlarged the exposed percentage of high-index facets and reduced the exposed percentage of {0001} facets. On the other hand, the surface areas also increased with the addition of PEG, so we carried out Brunauer-Emmett-Teller N 2 gas adsorptiondesorption isotherms test, the BET surface areas of ZnO samples with 0.5 g and 1.0 g PEG were 49.9755 m 2 g À1 and 56.2163 m 2 g À1 . The surface areas increased by 12.5%, but the efficiency of the two kinds of ZnO samples was very far apart from each other. The degradation rate of ZnO samples increased by 126%. We found that little increase in surface areas couldn't lead to a huge increase in photocatalytic activity. And the dissolved PEG adsorbed on the high-index facets and introduce a lot of defects, which served as active site for photocatalysis. 13 Therefore, we think that the enhancement in photocatalytic activity not only duo to the increased surface areas, but also mostly attribute to the increase in the proportion of high-index facets. So the as-prepared ZnO samples with 1.0 g PEG showed better photocatalytic activity. Aer 60 min of UV-vis light irradiation, the degradation percentage of MB aqueous solution by ZnO photocatalyst was up to 95%. Therefore, our ZnO hexagonal prisms with exposed more high-index facets have the greatest photocatalytic activity under UV-vis light irradiation.
Conclusions
In summary, this project was undertaken to adjust the proportion of {0001} facets and high-index facets for further evaluate the photocatalytic activity. The most obvious nding to emerge from this study is that the different proportion of {0001} facets and high-index facets could be well controlled via changing the amount of PEG. And the as-prepared ZnO hexagonal prisms with exposed high-index facets were successfully synthesized via simple hydrothermal method. We can get the conclusion from the results of all the experiments that the interaction of dissolved PEG and zinc species were found to play a great role in adjusting the different proportion of {0001} facets and highindex facets. The more PEG added into the reaction system, the more ZnO hexagonal prisms nanostructure that exposed high-index facets can we obtained. On the promise of increasing surface areas, we also found that ZnO hexagonal prisms samples with exposed high percentage of high-index facets exhibited superior photocatalytic activity. So adjusting the proportion of {0001} facets and high-index facets for the exposed high percentage of high-index facets is benecial to enhance the efficiency of photocatalysis. The result of this research reveals how to adjust the proportion of {0001} facets and high-index facets of ZnO nanostructures and expand its research scope in the future is a signicant work. 
